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ABSTRACT: Here, we propose a self-assembly process to
prepare hierarchical HM-SiO2@Co−Al LDH@graphene, with
the purpose of combining their outstanding performance.
Hollow mesoporous silica was first synthesized as the core,
using a novel sonochemical method, followed by a controlled
shell coating process and chemical reduction. As a result of the
electrostatic potential difference among HM-SiO2, Co−Al
LDH, and graphene oxide, the HM-SiO2 spheres were coated
by Co−Al LDH and graphene. Subsequently, the HM-SiO2@
Co−Al LDH@graphene spheres were introduced into an
epoxy resin (EP) matrix for investigation of their toxic effluents capture and elimination effectiveness during combustion. The
amount of toxic CO and volatile organic compounds from the epoxy resin decomposition significantly suppressed after
incorporating the HM-SiO2@Co−Al LDH@graphene hybrids, implying a reduced toxicity.
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1. INTRODUCTION

As a general thermoset plastic, epoxy resin (EP) is extensively
used in adhesive, potting, and coating areas, because of its
dimensional stability and excellent mechanical performance.1

However, its high flammability greatly limits its application in
some fields. Especially, inhalation of fire effluents is the major
cause of death or permanent injury in fire accidents.2−4

Therefore, efficient removal of toxic effluents released during
combustion will be significant for saving lives and health issues
in real fires.
For this promise to be realized, hollow mesoporous silica

(HM-SiO2) has emerged, as a consequence of their fascinating
applications in adsorption and catalysis, as adsorbents, catalysts,
and catalyst supports.5−7 Until now, numerous efforts have
been devoted to prepare HM-SiO2 including conventional soft
and hard template methods.6,8−12 However, the preparation
and removal procedures of the templates are generally
complicated, uneconomical, and time-consuming. Therefore,
one of the main scientific challenges to be achieved in the field
of HM-SiO2 research should be to develop a facile and effective
strategy for preparing the hollow structures. Meanwhile, it is
highly urgent to maximize the performance of HM-SiO2 toward
the capture and elimination of harmful gases. Recently,

combining materials with different functions to form hybrid
and hierarchical structures is an effective approach toward novel
design and high performance.13−16 Li et al. prepared the
multifunctional dual-compartment Janus mesoporous silica
nanocomposites of UCNP@SiO2@mSiO2&PMO through a
novel anisotropic island nucleation and growth approach with
the ordered mesostructure.17 A novel Fe3O4@SiO2@NiAl-
LDH catalyst was synthesized for the practical purification of
recombinant proteins.18 As far as we know, transition metals
especially cobalt were proved to be an effective catalyst for toxic
gases elimination.19,20 Also, it has been reported that a Co3O4/
graphene hybrid shows a synergistic catalyst for CO
reduction.21 Inspired by these, the goal of this work is to
combine HM-SiO2, Co−Al LDH, and graphene to improve
their toxic effluents capture and elimination effectiveness.
As we known, silica is negatively charged favoring the

positively charged coating.22 Co−Al LDH is a well-investigated
member of the LDH family as a result of its ease of synthesis
and delamination.23 The exfoliated single sheets of Co−Al
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LDH is positively charged with a thickness of 0.8 nm.24

Graphene oxide (GO) could be considered as a negatively
charged single sheet of graphene, because of the presence of
carboxylate.25 Electrostatic interactions among negatively
charged HM-SiO2, positively charged Co−Al LDH sheets and
negatively charged GO could form layered structures on the
HM-SiO2 surface by a self-assembly process.
In this work, a novel sonochemical method was used to

prepare HM-SiO2 without using any templates. Then, HM-
SiO2@Co−Al LDH@graphene was synthesized by self-
assembly of CoAl LDH and GO on the HM-SiO2 surface
followed by chemical reduction, as shown in Scheme 1. The

HM-SiO2@Co−Al LDH@graphene hybrids then were added
into the EP matrix for investigation of their toxic effluents
capture and elimination effectiveness during combustion. It is
anticipated that the combination of HM-SiO2, Co−Al LDH,

and graphene could effectively capture and reduce toxic
effluents during the combustion of EP.

2. EXPERIMENTAL SECTION
2.1. Materials. Tetraethyl orthosilicate (TEOS), cetyltrimethy-

lammonium bromide (CTAB), Co(NO3)2·6H2O, Al(NO3)3·9H2O,
tetrahydrofuran, and 4,4′-diaminodiphenylmethane were obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Bisphenol-A type EP was purchased from Shixian Chemical Industry
Co., Ltd. (Guangzhou, China).

2.2. Synthesis of HM-SiO2. A quantity of 0.35 g of CTAB was
dissolved in solution of water (130 mL) and ethanol (600 mL),
including 1 mL of NH3·H2O. Then, 2.08 g of TEOS was added into
the above solution at 35 °C. After 24 h of thermostatic reaction,
mesoporous silica was obtained by filtration. Then, the white
mesoporous silica was dispersed in 100 mL of deionized water
through vigorously ultrasonic stirring (see the Supporting Informa-
tion). After vigorous ultrasonic stirring for 4 h, the product was
collected and washed with ethanol. To extract CTAB, the sample was
further treated two times with 50 mL of HCl ethanol solution by
stirring at 60 °C. The CTAB-extracted HM-SiO2 was washed with
ethanol and dried under high vacuum. The yield of the final HM-SiO2
was 75%.

2.3. Preparation of HM-SiO2@Co−Al LDH@graphene by the
Self-Assembled Process. HM-SiO2@Co−Al LDH@graphene was
prepared by alternately adsorption Co−Al LDH (see the Supporting
Information) and graphene. HM-SiO2 (0.025 g) was added into the
formamide solution of Co−Al LDH (50 mL, 1 mg/mL) by
ultrasonication for 20 min. The particles were isolated and washed
with deionized water. The obtained HM-SiO2@Co−Al LDH then was
added into the solution of GO (100 mL, 0.2 g/L) by ultrasonication
for 20 min. The pink precipitate was collected and named as HM-
SiO2@Co−Al LDH@GO. Finally, HM-SiO2@Co−Al LDH@gra-
phene was generated by chemical reduction of the aqueous HM-
SiO2@Co−Al LDH@GO dispersion by hydrazine. The HM-SiO2@
Co−Al LDH@graphene hybrids were obtained and dried at 60 °C.
The yield of HM-SiO2@Co−Al LDH@graphene was 85%.

2.4. Preparation of EP/HM-SiO2@Co−Al LDH@graphene
Composite. A quantity of 1 g of HM-SiO2@Co−Al LDH@graphene

Scheme 1. Synthetic Route of HM-SiO2@Co−Al LDH@
graphene

Figure 1. (A, B) TEM images of M-SiO2; (C, D, E) TEM images of HM-SiO2; and (F, G) SEM images of HM-SiO2.
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was dispersed in 50 mL of tetrahydrofuran solution by ultrasonic
treatment for 10 min. Then, 41.7 g of EP was added into the above
solution with mechanical stirring for 2 h. The white slurry was dried at
60 °C for 12 h in a vacuum oven. Subsequently, 8.3 g of 4,4′-
diaminodiphenylmethane was melt and mixed with the above white
slurry for 2 min. Finally, EP/HM-SiO2@Co−Al LDH@graphene was
cured at 100 and 150 °C for 2 h, respectively.
2.5. Characterization. X-ray diffraction (XRD) (Model DMax/rA,

Rigaku, Japan) was performed using a rotating anode X-ray
diffractometer with Cu Kα radiation (λ = 0.154 nm) at 40 kV.
Field-emission scanning electron microscopy (SEM) (Model JSM-
2010, JEOL) was used to observe the structure of HM-SiO2 and HM-
SiO2@Co−Al LDH. Transmission electron microscopy (TEM)
(Model H-800, Hitachi, Tokyo, Japan) was performed to analyze
the morphology and structure of HM-SiO2 and HM-SiO2@Co−Al
LDH@graphene. Scanning transmission electron microscopy (STEM)
(Model JEM 2100F, JEOL) was carried out to characterize the
distribution of the elements. X-ray photoelectron spectroscopy (XPS)
tests were measured on an ESCALAB MK-II electron spectrometer
with a Al Kα X-ray source. Raman spectroscopy measurements were
carried out with a SPEX-1403 laser Raman spectrometer (SPEX Co,

USA) with excitation provided in backscattering geometry by a 514.5
nm argon laser line. Nitrogen adsorption−desorption isotherms at the
temperature of liquid nitrogen were measured with a Micromeritics
Coulter (USA) instrument. Thermogravimetric analyzer coupled with
Fourier transform infrared spectroscopy (TG-FTIR) was performed
using the TGA Q5000 IR thermogravimetric analyzer which was
coupled with the Nicolet 6700 FT-IR spectrophotometer via a
stainless steel transfer pipe. The fire toxicity was assessed using a
steady state tube furnace (SSTF, ISO TS 19700), as reported in
previous literature.26,27

3. RESULTS AND DISCUSSION
3.1. Characterization of HM-SiO2@Co−Al LDH@gra-

phene. Figure 1A shows that mesoporous silica spheres are
solid and monodispersed with a uniform diameter of ∼500 nm,
and they consist of a radially oriented ordered mesostructure
(Figure 1B). After ultrasonic treatment for the mesoporous
silica spheres, HM-SiO2 was obtained with the original spherical
morphology and size. The contrast between the bright center
position and the black edge confirms the hollow interiors

Figure 2. (A, B) SEM images of HM-SiO2@Co−Al LDH; (C, D, E) TEM images of HM-SiO2@Co−Al LDH@graphene; and (F) EDX spectrum of
HM-SiO2@Co−Al LDH@graphene.
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(Figure 1C). Further magnification (Figure 1D) exhibits that
the HM-SiO2 mesopores are continuous throughout the shell.
In the SEM images (Figures 1E, 1F, and 1G), some broken
spheres could be observed, which is consistent with TEM
observation. Because of these results, we proposed that the
generation of the hollow mesoporous structure is due to
dissolution of the mesoporous silica. Sonochemical method is a
useful technique for the preparation of materials with unique
morphology. During the sonication process, the formation,
growth, and implosive collapse of bubbles in a liquid can drive
many physical and chemical and effects such as accelerating
dissolutions of solids, generating emulsions, exfoliating layered
materials, oxidation, and reduction.28−31 When the mesoporous
silica spheres were dispersed in the deionized water, the water
molecules easily penetrated into the interiors of the
mesoporous silica through the mesochannels. Then, the
interiors of the mesoporous silica with low condensation
degree were readily etched by water under ultrasound
treatment.32,33 Silica species release from the porous silica
shells and dissolved in the solution, leading to the formation of
the hollow mesoporous structure.
The surface of HM-SiO2 is negatively charged, confirmed by

a zeta potential of −52 mV. Therefore, electrostatic interactions
among negatively charged HM-SiO2, positively charged LDH
sheets and negatively charged GO could simply take place
without using any surfactant. For HM-SiO2@Co−Al LDH
spheres (Figures 2A and 2B), the spherical morphology is
preserved after the assembly of the Co−Al LDH nanosheets.
The only remarkable difference is the surface roughness. The
morphology of HM-SiO2@Co−Al LDH@graphene was
observed through TEM (Figures 2C, 2D, and 2E). As we
have found, the final product has a spherical morphology with a
mean size of ∼550 nm. The surface of HM-SiO2@Co−Al
LDH@graphene depicts several layers of curly nanosheets. The
presence of Co−Al LDH and graphene on HM-SiO2 surface
was further detected through EDX (see Figure 1F).
The wrinkles of Co−Al LDH and graphene on the HM-SiO2

surface are further marked in the TEM image of the HM-
SiO2@Co−Al LDH@graphene hybrids by arrows (Figure 3A),
confirming that the flexible and ultrathin Co−Al LDH and
graphene sheets have indeed successfully encapsulated the HM-
SiO2 spheres. Figure 3B exhibits that the Co−Al LDH with an
interlayer distance of 0.8 nm is coated on the HM-SiO2 surface.
In addition, the Co−Al LDH and graphene interface depicts a
contact mode of front-back contact. Furthermore, a dark-field
STEM analysis of HM-SiO2@Co−Al LDH@graphene was
carried out to characterize the distribution of the elements.
Figure 4A shows that HM-SiO2@Co−Al LDH@graphene has a
representative core−shell structure. Furthermore, EDX element
mapping of the identical spheres shows the space distribution
of Si, O, Co, Al, and C. The intense Si and O signals
throughout the spheres confirm the HM-SiO2 core. Meanwhile,
the Co, Al, and C signals examined on the edge distinctly
indicate the assembly of the Co−Al LDH and graphene
nanosheets.
Figure 5 exhibits the XRD patterns of of HM-SiO2, Co−Al

LDH, graphene, and HM-SiO2@Co−Al LDH@graphene. The
diffraction pattern (Figure 5A) of HM-SiO2 depicts a reflection
characteristic of amorphous silica.34 After coating with the Co−
Al LDH and graphene layers, peaks resulted from Co−Al LDH
can be observed beside silica (Figure 5A). Figure 5B shows the
small-angle XRD patterns of HM-SiO2 and HM-SiO2@Co−Al
LDH@graphene. Both curves depict representative reflections

of hexagonally packed mesopores.35 Nitrogen adsorption/
desorption isotherm of the HM-SiO2@Co−Al LDH@graphene
spheres exhibits a type IV isotherm on the basis of the IUPAC
nomenclature (Figure 5C), implying a mesoporous structure
with narrow pore-size distribution. The average pore size of
HM-SiO2@Co−Al LDH@graphene is ca. 4.0 nm.
The composition and chemical state of HM-SiO2 and HM-

SiO2@Co−Al LDH@graphene were investigated using an XPS
technique. The XPS survey spectrum of HM-SiO2@Co−Al
LDH@graphene (Figure 6A) shows that the particle includes
Si, O, Co, Al, and C elements, implying the generation of HM-
SiO2@Co−Al LDH@graphene. The Co2p spectrum is
deconvoluted into Co 2p3/2 and Co 2p1/2 located at 781.2
and 796.8 eV. The Co 2p3/2 peak of HM-SiO2@Co−Al LDH@
graphene centers at higher position than that of Co−Al LDH
(Figure 6B), suggesting a strong interaction between HM-SiO2
and Co−Al LDH.33−35 Figure 6C shows the Raman spectra of
HM-SiO2 and HM-SiO2@Co−Al LDH@graphene. For HM-
SiO2, there is no obvious characteristic peak. After electrostatic
interaction among HM-SiO2, Co−Al LDH, and graphene, HM-
SiO2@Co−Al LDH@graphene shows two peaks at 1351 and
1590 cm−1, which are the main features in the Raman spectrum
of graphene.36,37 The 1351 cm−1 peak indicates defect
structures due to vacancies and amorphous carbon species,
while the 1590 cm−1 peak is attributable to the E2g phonon of C
sp2 atoms. Combined with the results of XRD, EDX, HRTEM,
STEM, XPS and Raman spectra, it is reasonable to believe that
the hybrids that included HM-SiO2, Co−Al LDH, and
graphene was successfully synthesized.

3.2. Toxic Effluents Analyzed by SSTF and TG-FTIR.
The ISO-TS 19700 SSTF was used to evaluate the yields of
toxic combustion products. The CO and hydrocarbons

Figure 3. TEM and HRTEM images of HM-SiO2@Co−Al LDH@
graphene.
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concentrations released from EP and its nanocomposites
decomposition are depicted in Figure 7. EP burns very quickly

after ignition, the CO and hydrocarbons concentrations reach
1249 and 178 ppm. Hollow or mesoporous silica is usually used

Figure 4. (A) Dark-field STEM image of HM-SiO2@Co−Al LDH@graphene. Elemental mapping of HM-SiO2@Co−Al LDH@graphene: (B) Si,
(C) O, (D) Co, (E) Al, and (F) C.

Figure 5. (A) Wide-angle XRD patterns of HM-SiO2, graphene, Co−Al LDH, and HM-SiO2@Co−Al LDH@graphene. (B) Low-angle XRD
patterns of HM-SiO2 and HM-SiO2@Co−Al LDH@graphene. (C) Nitrogen adsorption−desorption isotherm and (D) pore size distribution curve
of HM-SiO2@Co−Al LDH@graphene.
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to remove toxic gases due to its large surface area.38 As
expected, incorporating HM-SiO2 into EP decreases the CO
and hydrocarbons concentrations to 1120 and 147 ppm. For
EP/Co−Al LDH-graphene, the CO and hydrocarbons
concentrations decrease to 1109 and 150 ppm. In addition,
the CO and hydrocarbons concentrations of EP/HM-SiO2@
Co−Al LDH@graphene show further reduction, compared
with these of EP/HM-SiO2 or EP/Co−Al LDH-graphene. The
results exhibit that the HM-SiO2@Co−Al LDH@graphene
spheres present the best toxic suppression effect.
To further investigate the capture and elimination behavior

of HM-SiO2@Co−Al LDH@graphene, the toxic gases released
from EP and EP/HM-SiO2@Co−Al LDH@graphene decom-
position were monitored by using a TG-FTIR technique. 3D
TG-FTIR and FTIR spectra obtained at the maximum
evolution rate during the thermal decomposition of EP and
EP/HM-SiO2@Co−Al LDH@graphene are shown in Figure 8.
Some toxic gaseous decomposition products are unambigu-
ously identified by characteristic strong FTIR signals, such as
hydrocarbons (3100−2800 cm−1) and aromatic compounds
(1605, 1510, and 1460 cm−1).
In order to make a comparison, the intensities of

representative gaseous products for neat EP and EP/HM-
SiO2@Co−Al LDH@graphene composite are presented in
Figure 9. With the incorporation of HM-SiO2@Co−Al LDH@
graphene, the intension of toxic gases emission is shifted to
lower values, containing hydrocarbons, aromatic compounds,
and CO. The organic compounds removed further leads to the
suppression of smoke, due to that the hydrocarbons and
aromatic compounds can aggregate to generate smoke.
Moreover, the elimination of gaseous volatiles can dramatically
reduce the degradation products toxicity.

3.3. Toxic Effluents Capture and Elimination Mecha-
nism. The plausible mechanism was proposed for the reduced
toxicity of EP/HM-SiO2@Co−Al LDH@graphene. On one
hand, the metal catalysis has been reported to be an effective
method to eliminate toxic compounds during combustion
reactions.39,40 As an important functional metal element, Co
species have exciting catalytic effects, because of their distinctive
physical and chemical properties. Xie et al. found that Co3O4
was a catalyst with great promise in CO oxidation.41 Research
conducted by Li et al. demonstrated that Co3O4 exhibited
excellent catalytic ability for the removal of organic volatiles.42

Moreover, the presence of graphene can improve the catalytic
ability of Co species.43,44 Therefore, it is reasonably believed
that the catalytic effect of the combination of Co−Al LDH and
graphene plays a key role in the elimination of toxic gases. On
the other hand, hollow and mesoporous silicas have great
potential for the removal of volatile organic compounds due to
their large surface area and high porosity.38 The large surface
area is in favor of the adsorption of bulky molecules. In
previous studies, different type mesoporous silicas have been
used as adsorbents for the volatile organic compounds
removal.45,46 Meanwhile, it is well-known that the silanol
groups (Si−OH) on the pore surfaces act as the adsorption
sites for various molecules by weak π-system hydrogen bonding
with silanols on the silica surface.47,48 Therefore, HM-SiO2
played a role in the capture of toxic effluents. Furthermore, the
synergistic effects between Co−Al LDH and silica can promote
char formation in the EP nanocomposites (see the Supporting
Information),49 which can restrain the release of the gaseous
volatiles.26 Overall, synergistic effect from respective compo-
nents (Co−Al LDH and graphene) plus the HM-SiO2 spheres

Figure 6. (A) XPS survey spectra of HM-SiO2 and HM-SiO2@Co−Al
LDH@graphene. (B) Co 2p XPS spectra of Co−Al LDH and HM-
SiO2@Co−Al LDH@graphene. (C) Raman spectra of HM-SiO2 and
HM-SiO2@Co−Al LDH@graphene.

Figure 7. CO and hydrocarbons yields of EP and its nanocomposites.
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offers the hybrid a superior toxic effluents elimination
performance. The reduction of fire effluents will be beneficial
to fire rescue when an accident happens.

4. CONCLUSION
A simple and effective sonochemical way was used to prepare
hollow mesoporous silica without using any templates. Then,
HM-SiO2@Co−Al LDH@graphene spheres were prepared by
self-assembly of Co−Al LDH and GO on the HM-SiO2 surface.
After electrostatic assembly and chemical reduction, the HM-
SiO2 spheres were intimately encapsulated by the ultrathin
Co−Al LDH and graphene. Subsequently, the HM-SiO2@Co−
Al LDH@graphene spheres were added into the epoxy resin
(EP) matrix to study their toxic effluents capture and

elimination effectiveness during combustion. SSTF and TG-
FTIR results indicated that the combination of HM-SiO2, Co−
Al LDH, and graphene could effectively capture and eliminate
toxic gases during the combustion of EP.
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